Abstract-Given a dual-linearly polarized antenna and a spacecraft-hosted synthetic aperture radar, the hybrid-polarity architecture consists of transmitting circular polarization, and receiving orthogonal linear polarizations on mutually-coherent channels. The resulting data are sufficient to derive all four Stokes parameters, which completely characterize the backscattered field under the condition of circularly-polarized illumination. The architecture, which is motivated by planetary applications, leads to simpler radar hardware, and a much more capable instrument, in contrast to a conventional dual-circularlypolarized system.
INTRODUCTION
In the most general terms, a dual-polarized synthetic aperture radar (SAR) is one that transmits on one polarization, and receives the resulting backscatter through two channels designed to match a pair of orthogonal polarizations. Dualpolarized remote sensing radars in the Earth-oriented tradition invariably are polarized linearly: e.g. transmit H, and receive H and V, for example. Further, in almost all cases over the past 40 years or so, "dual-polarized" for such radars implies that the data products are two rudimentary images (magnitude or magnitude squared); the channel-to-channel relative phase is not retained. In contrast, ground-based radar astronomy facilities such as Arecibo use circular polarization: e.g transmit right-circular polarization (RCP), and receive RCP and LCP. Again in contrast, it is now standard practice in radar astronomy to exploit the cross-channel phase as well as the same-sense and opposite-sense circularly polarized images [1, 2] . To date, there have been no multi-polarized space-based SARs for lunar or planetary observations. This paper concentrates on coherent dual-polarized SAR, from which amplitudes and phases are retained through to the penultimate stage of the image-formation processors. The objective is to satisfy the key top-level science requirement levied on a SAR destined for orbit around Mars or the Moon, for example, while also minimizing the radar's resource demands (principally power and mass). It turns out that the hybrid-polarity architecture satisfies these objectives, with the added benefits of a simpler instrument, and improved quality and breadth of the radar's measurements. It is suggested that the same architecture may have advantages in Earth-oriented remote sensing, supporting many of the features of a fullypolarized ("quad-pol") radar for example, while also circumventing many of its disadvantages.
II. THE STOKES PARAMETERS: A SUMMARY
Consider a coherent, dual-polarized SAR. Let the SAR's transmitted field be right-circularly polarized (RCP). The four Stokes' parameters [3] that fully characterize the backscattered field may be evaluated from the received single-look complex data, in either linear or circular polarization bases:
In these expressions, E is the (complex) voltage in the subscripted polarization, * denotes complex conjugate, <...> denotes averaging, and Re and Im select the real or the imaginary value (respectively) of the complex image amplitude. Of course, the customary approach for dualpolarization is to assume that the receiver bases are consistent with the transmitted basis; for example "circular in and circulars out". The right-side set of Stokes parameters correspond to this familiar case. This paper, however, is aimed at the unconventional alternative; the "circular in and linears out" combination. The Stokes parameters in the left-side column correspond to this hybrid-polarity architecture.
Each of the Stokes' parameters is an elementary combination of two numbers, drawn from the power (real) in the like-polarized channel, the power (real) in cross-polarized channel, and the cross-product of the (complex) amplitude image in the two receive channels. The cross-product (or equivalently, the corresponding differential phase) consists of two real numbers, comprised of the amplitudes of its real and imaginary components. The resulting set of four real numbers, evaluated at each pixel location in the image domain, is the fundamental output data from a coherent dual-polarized SAR. Although the discussion in this paper is cast in terms of the Stokes parameters, alternative constructs might be substituted, depending on the application and the preference of the user. An important and unique measurement in radar astronomy is the circular-polarization ratio, defined as the image power in the "same-sense" polarization, divided by the image power in the "opposite-sense" polarization. It is known, primarily from Earth-based observations by radar telescopes such as Arecibo, that the circular polarization ratio µ C is anomalously large in response to volume scattering from ice deposits [4, 5] , as on Europa or in the polar craters of Mercury. It follows that measurement of µ C is an incontrovertible requirement on any radar that is to search for water-ice deposits. This in turn requires that the radar transmit circular polarization. Given that, it would be natural to assume that the radar must then receive both RCP and LCP. However, that conventional approach falls short of the near-optimum alternative outlined in this paper.
IV. THE HYBRID ARCHITECTURE
In terms of the Stokes parameters, µ C = (S 1 -S 4 ) / (S 1 + S 4 ), which may be calculated from either linearly-polarized or circularly-polarized received data, if the surface is illuminated by circularly polarized transmissions. This suggests an innovative radar architecture: illuminate the scene with circular polarization, and then let the radar receive the mutually-coherent linear polarizations H and V. These should be retained through the remainder of the system, to appear as H-and V-single-look complex data products at the output of the processor. A generic diagram of this hybrid-polarity architecture is shown in Figure 1 .
SAR antennas often are constrained to be "panels" whose length must be larger than their height by a factor of two or more. Linear polarizations are more readily realized than circular with such a high-aspect ratio antenna, especially if mass and depth are at a premium, as is usually true for spacecraft radars. Such a dual-linearly-polarized antenna will radiate CP if the H and V feeds are driven simultaneously and 90 o out of phase, realized by passing the transmitter output through a 90 o hybrid. If there were a requirement for this radar to also receive LCP and RCP, then there would have to be an additional pair of ±90 o hybrids in the receive paths, either directly after the antenna, or further along down each of the receive chains. Hybrids introduce losses, as well as errors in amplitude and phase.
V. ADVANTAGES
Outputs from this hybrid architecture are sufficient to calculate µ C which satisfies the top-level science requirement. In addition, the data also support related parameters that cannot be derived from conventional incoherent dual-polarized radar data, such as degree of linear polarization [6] . A sensitivity analysis also shows that the circular-polarization ratio derived through a hybrid-polarized SAR is less sensitive to channel imbalance by at least a factor of two than if explicitly calculated through the traditional ratio. Channel-tochannel phase and amplitude calibration is more direct and less prone to error from imperfect radar components in the hybrid architecture than in a conventional dual-polarized radar, especially if circular polarization were required to be transmitted and received through a linearly-polarized antenna. This is due in part to the direct "view" in either H or V from the processor back through the antenna, which allows explicit differential gain and phase measurements of an external circularly-polarized calibration source, as well as differential pass-band characterization. Finally, note that less RF hardware is required in the hybrid architecture, which implies fewer losses, fewer sources of potential channel-to-channel mismatch, and less mass. All this adds up to a more efficient and flight-worthy instrument that offers better measurements, in comparison to a more conventional circularly-polarized approach.
VI. CONCLUSION
Given a dual-polarized SAR, imposing a requirement for channel-to-channel coherence leads to a simpler radar architecture, if the starting point is a linearly-polarized antenna, and a major objective is to map the circularpolarization ratio of the backscatter. The trick is hybridpolarity architecture: transmit circular polarization (by driving the orthogonal linear feeds simultaneously by two identical waveforms, 90 o out of phase), and receive H and V linear polarizations, coherently. Once calibrated, the H and V singlelook complex amplitude data are sufficient to form all four Stokes parameters, from which the circular-polarization ratio may be found, along with several other quantitative characterizations in the image domain. Bottom line? The hybrid-polarity architecture leads to a simpler yet more capable radar. The architecture also merits consideration for Earth-observing space-based SAR systems. 
